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Numerous studies have been undertaken in Europe to investigate the role played by species of Phytophthora in forest health and their involvement in oak decline (4, 5, 10, 13, 25, 27, 39) . In these studies, diverse populations of Phytophthora spp. were found and correlations between the presence of Phytophthora spp. and the occurrence of oak decline were demonstrated in some oak forests. Similarly, an oak forest soil survey initiated in 2004 investigated whether Phytophthora spp. are present in north-central and northeastern U.S. oak forests and if correlations could be made between crown condition and the presence of Phytophthora spp. (2) . This effort resulted in the isolation of seven Phytophthora spp., with Phytophthora cinnamomi being the most frequent species isolated (69% of 171 sites) (2) . Most oak species appeared healthy despite the presence of the pathogen in soil. A significant correlation between the presence of P. cinnamomi and the decline status was found with white oak (Quercus alba L.) but not with the other oak species.
Despite the well-known ability of P. cinnamomi to cause significant damage to a wide variety of plants, including oak (40) , the role played by P. cinnamomi in eastern forests and, particularly, oak decline remains enigmatic and has received limited attention. The epidemiology of P. cinnamomi in the northeastern United States appears to be different. Although no obvious aboveground infections such as "bleeding cankers" have been observed on oak trees in the areas surveyed, root systems, particularly fine roots, were affected (2, 3) . When belowground parts of white oak were examined, P. cinnamomi was found to be causing significant fine root mortality and, thus, may be a contributing factor that triggered the widespread white oak decline in southern Ohio (6, 31) . The impact of P. cinnamomi was particularly noted at lower elevations, where the soil moisture content was higher.
To better understand the relationship between P. cinnamomi and oak forest health, knowledge of existing P. cinnamomi populations is necessary. The focus of this study was to evaluate phenotypic and genotypic variations of P. cinnamomi isolates representing the variety of oak forests in the Mid-Atlantic United States.
Materials and Methods
Isolates. P. cinnamomi isolates used in this study were collected by Balci et al. (2) from rhizosphere soil samples of oak trees in the Mid-Atlantic area. In total, 61 isolates were used for this study, including 10 from Indiana, 3 from Kentucky, 9 from Maryland, 3 from Missouri, 15 from Ohio, 2 from Pennsylvania, and 19 from West Virginia isolates. To minimize the risk of development of atypical morphology and the loss of pathogenicity, isolates were inoculated onto pepper fruit ('Banana pepper'; 17, 22) . An agar plug from the edge of an actively growing P. cinnamomi culture on V8 juice agar (V8A) medium was used as inoculum. Pepper fruit were washed with dish soap and water, surface sterilized by spraying them with 70% ethanol, and patted dry with paper towels. A 5by-10-mm rectangle was cut from the pepper approximately 5 cm from the stem and 5 cm from the tip of the pepper using a sterilized scalpel. A similar-size agar block taken from the margin of a 3-to 5-day-old P. cinnamomi colony growing on V8A was placed into the hole cut in the pepper. Inoculated pepper plants were incubated for 3 to 4 days in a moist chamber at room temperature. P. cinnamomi was recovered from the resulting necrotic tissue by plating on PARPNH selective medium (17) and incubated at room temperature. Single zoospore isolates (SZIs) were produced to ensure that each isolate had only one reproducible microsatellite fingerprint (15, 35) .
DNA extraction and microsatellite polymerase chain reaction. Mycelium for DNA extraction was produced in 1.5-ml Eppendorf microcentrifuge tubes with potato dextrose broth (Difco Laboratories, Detroit). After centrifuging, the mycelial pellets were collected and frozen at -20°C, vacuum freeze dried, and stored at -20°C (30) . To extract DNA, 500 µl of cetyltrimethylammonium bromide extraction buffer (100 mM Tris-HCl [pH 8.0], 1.4 mM NaCl, 20 mM EDTA, and 2% [wt/vol] hexadecyltrimethylammonium bromide) was added to the 1.5-ml microcentrifuge tubes containing freeze-dried mycelium, incubated at 65°C, and pulverized periodically with a sterile plastic pestle. Chloroform (500 µl) was added to the tube, mixed thoroughly, and centrifuged at 14,500 rpm for 5 min (38) . A GeneClean Spin Kit (MP Biomedicals, Solon, OH) then was used to purify the DNA from the supernatant following the instructions in the kit. The recovered DNA was stored in sterile distilled water at -20°C.
Fingerprints of each P. cinnamomi isolate were produced through amplification of four polymorphic microsatellite loci. For loci d39, g16, and g10, each has a different primer pair specific for that locus. Previously, locus g13 was analyzed with two primer pairs, g13f and g13r1 (g13 primer pair) and g13f and g13r4 (g13 primer pair); however, only the g13 (4) primer set was used and was sufficient for the present analysis (14) . Primers d39 and g16 amplify AC microsatellite motifs while primers g10 and g13 amplify AG microsatellite motifs. Fluorescent labels were attached to the 5′ end of one of the primers in each primer set so that each locus was represented by a different color dye (Applied Biosystems, Foster City, CA). Primer sequences and label locations are listed in Table 1 .
Reaction mixtures consisted of 3 µl of DNA (approximately 20 ng of genomic DNA), 0.1 mM dNTPs, 2 mM MgCl 2 , 0.1 µM forward and reverse primers, 0.5 U of GoTaq Flexi DNA polymerase (Promega Corporation, Madison, WI), and 1× reaction buffer in a 10-µl volume. Polymerase chain reactions were carried out using a PTC-100 thermocycler (MJ Research, Waltham, MA) with a heated lid and a touchdown program of 1 cycle of 96°C for 2 min; then, 1 amplification cycle of 96°C for 30 s, 66°C for 30 s, and 72°C for 30 s; followed by 5 cycles similar to the first amplification cycle, except that the annealing temperature was lowered 1°C every cycle; then, 20 cycles of 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s; and a final cycle of 72°C for 7 min (15) . Microsatellite products were separated by capillary electrophoresis at The Pennsylvania State University Biotechnology Institute's Nucleic Acid Facility (University Park) using standard protocols. Electrophoresis results were analyzed using GeneMapper 4.0 (Applied Biosystems). Finally, isolates were assigned to DNA fingerprint groups based on length polymorphisms of microsatellite markers (28) .
Morphological analysis. To distinguish phenotypic variations among the studied P. cinnamomi populations, characteristics of asexual (sporangia and chlamydospores) and sexual (oospores, oogonia, and antheridia) reproductive structures, colony growth pattern, and growth rate of each isolate were measured. Sporangia were produced from 3-to 4-day-old isolates grown on V8A. In all, 10 5-mm-diameter agar plugs were taken from the colony margin and placed on a sterile 9-cm-diameter cellophane disc covering 15 ml of V8A and incubated at 20°C until the colonies grew to form a solid mat of mycelium covering the cellophane. The mycelium-covered cellophane was transferred to a sterile petri dish containing 15 ml of 5% clarified V8 broth (50 ml of V8 juice, 1 g of CaCO 3 centrifuged at 1,500 rpm for 5 min, and 50 ml of supernatant brought up to 1 liter by adding distilled water, after which the broth was sterilized). After incubation at 20°C for 24 h, the V8 broth was removed from the dish and the mycelium was washed twice with 20 ml of sterile mineral salt solution and incubated in 20 ml of mineral salt solution at 20°C in light conditions (24) . The mineral salt solution was prepared as described by Chen and Zentmyer (11) . The length and width (in micrometers) of 50 randomly selected sporangia of each isolate were measured at 200× and used to calculate sporangia length/width ratios.
Chlamydospores were produced using a protocol similar to that used for sporangia, except that the final step involved distilled water instead of mineral salt solution (23, 24, 34) . The diameters of 50 chlamydospores per isolate were measured at 200×.
All of the isolates were determined to be the A2 mating type (2) . Therefore, production of oospores from these isolates was accomplished by pairing isolates with a known A1 mating type of P. cinnamomi. After the isolates were grown on V8A for 5 days, a 5mm-diameter agar plug was taken from the colony margin and placed near the margin of a 60 mm diameter petri dish containing 10% clarified V8A (cV8A) (100 ml of V8 juice, 2 g of CaCO 3 centrifuged for 5 min at 1,500 rpm, and 100 ml of supernatant brought up to 1 liter with distilled water and autoclaved after adding 20 g of agar). An agar plug from the margin of an A1 P. cinnamomi colony growing on V8A was placed directly across the petri dish from the isolate to be tested. Pairings were incubated at 20°C in the dark for 3 weeks or until sexual structures formed. Agar blocks taken from the area of mycelium closest to the test isolate were scanned at ×400 magnification. The diameter of 25 oogonia and oospores as well as the width of 10 antheridia were measured for each isolate.
Colony growth rate was determined by growing each isolate on 5% cV8A (5% clarified V8 juice with 20 g of agar per liter) at 20, 24, 28, 32, 34, and 37°C. Agar plugs (5 mm in diameter) taken from the margins of 5-day-old P. cinnamomi SZI colonies were transferred to petri dishes containing 15 ml of cV8A and initially grown for 48 h before they are examined for growth-temperature relationship. Three replicates of each isolate were tested. The margin of the colony was traced with a fine-tip marker; colony diameter, excluding the initial 48 h of growth, was measured and divided by the incubation period to obtain daily growth (millimeters per day).
For comparison of colony morphology, SZIs were transferred from V8A cultures to 100-mm petri dishes containing 15 ml of PDA and incubated at 24°C for 10 days. Isolates were recorded as having either a rosaceous (rose flower like pattern) or stellate (like a star in form) colony pattern (17, 22) .
Pathogenicity. Isolates were selected for pathogenicity testing based on microsatellite fingerprint grouping. The P. cinnamomi isolates grouped in two microsatellite fingerprint patterns. Isolates from each microsatellite group were chosen that encompassed distribution across the study area and host type. In all, 23 isolates were used in the pathogenicity test: 12 from microsatellite fingerprint group (MFG)1 and 11 isolates from MFG2.
Relative pathogenicity of P. cinnamomi isolates was determined by inoculation of cut red oak logs using a protocol adapted from Brasier and Kirk (7) and Hansen et al. (20) . Red oak logs were cut from live trees on 25 September 2007, 48 h before inoculation. The ends of the logs were sealed with paraffin wax to retain moisture. Logs were approximately 1 m in length and 9.75 to 20 cm in diameter, with an overall mean log diameter of 12.7 cm.
Of the 23 P. cinnamomi isolates tested, 11 were selected arbitrarily for inoculation into each log. Therefore, each log was inoculated with 11 different P. cinnamomi isolates and each of the 23 isolates being tested was inoculated into at least 11 different logs. A flame-sterilized cork borer was used to punch 5-mm-diameter holes through the bark to the cambium of each log. Three sets of four holes were punched in each log, with one set encircling the log at 20 cm, the second at 50 cm, and the third at 80 cm from one end of the log. Agar plugs 5 mm in diameter from isolates actively growing on V8A were randomly inserted into 11 of the holes in each log. V8A plugs were used as controls and inserted into the remaining hole in each log. The bark plugs were replaced and covered with moistened cotton wool. A 5-cm 2 piece of aluminum foil was placed over the cotton wool and secured with duct tape. Inoculated logs were incubated at 20°C for 4 weeks. After incubation, the outer bark of each log was removed with a wood chisel; the revealed lesions were outlined with a marker and traced onto paper. Lesion tracings were digitally scanned and the area of each lesion was measured using Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA). Statistical analysis. In this study, the "host" refers to the oak group of the tree from around which the soil was used to isolate P. cinnamomi, and is designated as either red or white. The oak species from which P. cinnamomi was isolated in the white oak group were Q. alba (white oak) and Q. prinus (chestnut oak) and the oak species in the red oak group were Q. rubra (northern red oak), Q. coccinea (scarlet oak), and Q. velutina (black oak).
Isolate geographic origin groups were formed with respect to the north-south distribution of isolates in the study area. The 40° N latitude appears to be the northern boundary for P. cinnamomi in eastern U.S. oak forests (2) . Therefore, isolate origin group 1 consisted of isolates from sites between 37° and 39° N latitude and isolate origin group 2 isolates were from 39° N latitude and above.
Isolate spore characteristics, colony pattern, and growth rate data were grouped based on microsatellite fingerprint pattern, host oak type, isolate geographic origin, and colony morphology. In each grouping, morphological characteristics such as sporangia length, width, length/width ratio, chlamydospore diameter, oogonia diameter, oospore diameter, and antheridia width were compared. Mean colony growth rates at 20, 24, 28, and 32°C of isolate groups also were compared. Growth rates were log transformed to achieve a normal distribution. The mean differences of each isolate group were tested using analysis of variance (ANOVA) and Tukey-Kramer honestly significant difference (HSD) comparison.
A hierarchical cluster analysis was performed using Ward's Method with the following variables: mean sporangia length, width, and length/width ratio; mean chlamydospore diameter; mean oogonium and oospore diameter; mean antheridia width; colony morphology; and mean growth rate at 20, 24, 28, and 32°C (22) . Isolates in each phenotypic cluster were analyzed with respect to DNA fingerprint pattern, colony morphology, oak types, and geographic origin. Fishers Exact Test was used to analyze microsatellite fingerprint, colony morphology, host oak type, and geographic origin characteristics of the isolates in one phenotypic cluster compared with isolates grouped together in other clusters.
Lesion areas were log transformed to achieve normal distribution and then tested using ANOVA and Tukey-Kramer HSD based on microsatellite fingerprint groups, isolate geographic origin groups, and host oak type groups. Fishers Exact Test was used to analyze the interaction of microsatellite fingerprint, colony morphology, host oak type, and isolate geographic origin groups. An α level of 0.05 was used for all statistical tests. Statistical analysis was performed with JMP 5.0 (SAS Institute Inc., Cary, NC).
Results
Microsatellite fingerprints. Analysis of the four microsatellite loci showed that the 61 P. cinnamomi isolates could be grouped into two MFGs ( Supplementary Table S1 ; Table 2 ) Isolates from each group were distinguished from one another using three of the four microsatellite loci (Table 3 ). MFG1 was characterized by marker sizes of 120 and 122 bp at locus d39, 169 and 171 bp at locus e16, and 254 and 255 bp at locus g13 ( Table 3 ). The most common fragment lengths at the g10 locus for MFG1 were 117 and 120 bp, followed by 119 and 120 bp, and, lastly, 117, 119, and 120 bp. Locus g10 showed variable fragment lengths, although there was some fragment length specificity for each group (Table  3 ). MFG2 was characterized by marker sizes of 122 and 124 bp at locus d39, 161 and 163 bp at locus e16, and 247 and 248 bp at locus g13. Isolates in MFG2 had an even greater fragment length variability at the g10 locus than MFG1 isolates. The most frequently observed fragments were 115 and 117 bp in length. Not all isolates from each group had the exact same fingerprint at loci d39, e16, and g13. Some isolates contained extra fragments or x Host oak type. y Geographic origin of isolates: Geo 1 = isolates recovered from sites located between 37° and 39° N latitude and Geo 2 = isolates recovered from sites north of 39° N latitude. z A hierarchical cluster analysis was performed using Ward's Method with the variables mean sporangia length, width, and length/width ratio; mean chlamydospore diameter; mean oogonium and oospore diameter; mean antheridia width; colony morphology; and mean growth rate at 20, 24, 28, and 32°C (22) . fragments with different lengths at one locus but were similar at the other two loci. Only one isolate from Indiana and one isolate from Maryland were in MFG1, with the remainder from these states in MFG2. All Ohio and Kentucky isolates grouped in MFG1 and all Pennsylvania isolates grouped in MFG2. One of two Missouri isolates was in MFG1 while the other was in MFG2. Of 19 West Virginia isolates, 7 were in MFG1 and 12 were in MFG2. All but one of the isolates isolated from soil from the West Virginia University forest (isolate IDs WVE-UF or WV-UF) were in MFG2. Colony morphology and asexual and sexual spore structures. Two colony morphologies were exhibited by the study isolates on PDA. The rosaceous morphology was the most common ( Fig. 1 ; Table 2 ).
Variation in sporangia length, width, and length/width ratio was observed. However, little variation existed in diameters of chlamydospores, oogonia, and oospores and antheridia width among the P. cinnamomi isolates. Sporangia of all MFG1 isolates were significantly greater in length (F [1,3098] = 44.58, P < 0.001) and width (F [1,3098] = 942.84, P < 0.001) than those of MFG2 but the length/width ratios (F [1,3098] = 328.94, P < 0.001) were significantly smaller ( Table 4) (Table 4 ).
Isolate means organized by latitude of site origin showed that isolates obtained between the 37th and 39th latitude had significantly greater mean sporangia length (F [1, 3098] Mean sporangia length (F [1,2948] = 31.70, P < 0.001), width (F [1,2948] = 136.87, P < 0.001), and length/width ratio (F [1,2948] = 15.14, P < 0.001) and chlamydospore diameter (F [1,2948] = 24.61, P < 0.001) differed significantly between isolates from the rhizosphere of red versus white oak (Table 4 ). Mean oogonium (F [1,1598] = 0.06, P = 0.81) and oospore (F [1,1598] = 0.01, P = 0.91) diameter and antheridium width (F [1,703] = 1.87, P = 0.17) did not differ significantly.
When spore characteristics of isolates were compared based on colony morphology, sporangia of isolates with a rosaceous colony pattern were slightly wider (F [1,3098] = 138.65, P < 0.001). In contrast, isolates with a stellate colony appearance had a larger sporangium length/width ratio (F [1,3098] = 152.20, P < 0.001) and chlamydospore diameter (F [1,3098] = 10.72, P < 0.01) ( (Table 5 ). Isolates from between the 37th and 39th latitude had significantly greater growth rates at 20°C (F [1,181] = 7.76, P = 0.006), 24°C (F [1,181] = 7.86, P = 0.006), and 28°C (F [1,181] = 7.03, P < 0.01) than isolates from north of the 39th parallel. There was no difference in growth rate at 32°C of isolate geographic origin groups ( Table 5) . Isolates from the rhizosphere of the different host groups showed no significant differences at any temperature tested. When growth rates of isolates with different colony morphologies were compared, isolates with a rosaceous colony pattern had significantly greater growth rates at 20°C (F [1,181] = 9.78, P = 0.002) and 24°C (F [1,181] = 24.84, P < 0.001) whereas stellate isolates had greater average growth rate at 32°C (F [1,181] = 8.21, P = 0.004). No significant difference were found at 28°C (Table 5) .
Growth rate trends also were observed that varied across the microsatellite fingerprint and colony morphology groups. One trend was the difference in the change in growth rate from one incubation temperature to the next among isolate groups. Growth rates of MFG1 isolates decreased as incubation temperatures increased from 24 to 28°C, whereas MFG2 growth rates stayed relatively the same ( Table 5 ). This also was observed for isolates with different colony patterns. The rosaceous colonies had a mean reduction in diameter growth rate of 2.4 mm/day between 24 and 28°C. The stellate colonies were much less affected and only had a mean growth rate reduction of 0.5 mm/day between the 24 and 28°C incubation temperatures. At 32°C, growth rates of both MFGs decreased but the growth rates of MFG1 isolates were more negatively affected than MFG2 isolates. This also was observed in isolates with different colony patterns, where the decrease in growth rate from 28 to 32°C was greater for isolates with the rosaceous colony pattern than for isolates with the stellate colony pattern. Additionally, the difference in mean diameter growth rate from the lowest to the highest incubation temperature was significantly greater (P < 0.0001) for MFG1 isolates (13 mm/day) than for MFG2 isolates (9 mm/day). The difference in mean diameter growth rate from the lowest to the highest incubation temperature was significantly greater (P < 0.0001) for isolates with rosaceous colony morphology (12 mm/day) than for isolates with stellate colony morphology (9 mm/day). These trends were not observed to occur in the other two isolate groups, where the isolates in each category of each isolate group behaved similarly with regards to growth rate. As incubation temperatures increased, growth rates of isolates in isolate geographic origin and host groups decreased.
Cluster analysis of phenotypic characteristics. A hierarchal cluster analysis was constructed using the variables of mean sporangia length, sporangia width, and sporangia length/width ratio; chlamydospore, oogonia, and oospore diameters; antheridia width; and growth rates on cV8A at 20, 24, 28, and 32°C for each isolate (Supplementary Figure S1 ). The resulting groups corresponded closely to microsatellite DNA fingerprint groups. In all, 93% of the isolates in MFG1 grouped in phenotype cluster two and 97% of the isolates in MFG2 grouped in phenotype cluster one ( Table 2) . Phenotype clusters and colony morphology also correlated. Of the isolates with a stellate colony pattern, 94% grouped in phenotype cluster 1 (Fisher's Exact Test, P < 0.001, R 2 = 0.25). A significant relationship between isolate host oak type and phenotype cluster was measured. The majority of isolates from red oak rhizosphere soil (78%) grouped in the phenotype cluster 1 and the remainder in cluster 2. Conversely, 62% of the isolates from white oak soil grouped in phenotype cluster 1 and the remainder were in cluster 2 ( Table 2 ). These correlations were significant based on a two-tailed Fisher's Exact Test (P = 0.009). The relationship between phenotype clusters and isolate geographic origin were not significant (Fisher's Exact Test P = 0.6).
Relationship among groups defined by microsatellite fingerprint patterns, colony morphology, geographic origin, and host. When isolates were grouped based on colony morphology, isolates in the MFG1 more often formed rosaceous colonies (Fisher's Exact Test, P = 0.0002; Table 2 ) and the majority of the stellate isolates were in MFG2 ( Table 2 ). These relationships were significant (two-tailed Fisher's Exact Test P = 0.0002).
When colony morphology of isolates was compared across isolates from different oak types, a greater number of isolates from white oak rhizosphere soil were in MFG1 (Fisher's Exact Test, P = 0.04) and most of the isolates from red oak rhizosphere soil were in MFG2 (two-tailed Fisher's Exact Test, P = 0.009) ( Table 2) .
Both geographic origin groups were composed of nearly equal numbers of isolates from each MFG and no significant relationship was found (Table 2) , although, a greater number of isolates from sites north of the 39th latitude formed rosaceous rather than stellate colonies.
Pathogenic variation. No significant difference was detected among lesion sizes of isolates tested (data not shown). All isolates except PA 1/6 and WVE-UF 5/3 produced significantly larger lesions on bark and cambial tissues of red oak logs than wounds inoculated with sterile agar plugs (P < 0.05). No significant difference was found when mean lesion areas of isolates were grouped based on microsatellite fingerprint (P = 0.99), isolate geographic origin (P = 0.94), host oak type (P = 0.24), or colony morphology (P = 0.91).
Discussion
The microsatellite markers developed by Dobrowolski et al. (15) can consistently differentiate genetic differences among P. cinnamomi populations, even those that are geographically distant from the populations used to develop the markers. Microsatellite analysis of U.S. P. cinnamomi isolates indicated low levels of genetic diversity among isolates collected from the study area. Isolates in this study were divided into two populations based on microsatellite fingerprint patterns, and the majority of isolates within each MFGs were identical at loci e16, g13, and d39. This low level of genetic diversity has been shown to occur in other P. cinnamomi populations worldwide (9, 15, 16, 29, 30, 32) . The most extensive study of P. cinnamomi population genetics using the same molecular markers was conducted by Dobrowolski et al. (15) . The authors showed that isolates from Australia also had very low levels of genetic diversity. The majority of A2 P. cinnamomi isolates in Australia could be divided into two groups using the same microsatellite markers which divided U.S. isolates into the two groups. Additionally, some of the allele fragment lengths are shared between the groups established by Dobrowolski and the U.S. MFGs. Genetic analysis of U.S. P. cinnamomi isolates from South Carolina using amplified fragments polymorphisms provided additional evidence of low genetic variability in P. cinnamomi from the United States (16) .
Comparisons of microsatellite fingerprints of U.S. isolates to the fingerprints of P. cinnamomi isolates from Dobrowolski et al. (15) and Huberli et al. (22) indicated similarities in P. cinnamomi isolates from different continents ( Table 3 ). Isolates of MFG1 were identical to the predominant fingerprint pattern of Dobrowolski's Australian A2 type 1 isolates at the e16 locus (169/171) and have the same marker size on one allele at locus d39 (122). The other d39 allele of the U.S. MFG1 isolates matches one allele at the d39 locus (120) of the Australian A1 type 1 P. cinnamomi isolates. Locus g10 of U.S. MFG1 isolates has markers not found in the three predominant genotypes identified by Dobrowolski et al. (15) . The 120-bp marker consistently found in the U.S. MFG1 isolates also was present in an A1 P. cinnamomi isolate from the western United States included in the Dobrowolski et al. (15) analysis. The U.S. MFG2 isolates appear to have originated from a greater number of P. cinnamomi isolates characterized by Dobrowolski et al. (15) . The markers at e16 of U.S. MFG2 (161/163) match those of the Australian A2 type 2 and markers found in P. cinnamomi isolates from Papua New Guinea. The d39 locus of U.S. MFG2 isolates matches markers found in both the d39 locus of Australian A1 type 1 isolates and the d39 locus of Australian A2 type 1 isolates (15) . The markers of the g10 locus of MFG2 do not match any of the predominant genotypes found in Australia. The most frequent markers found in the U.S. isolates were 115 and 117 bp in length. These markers could be the result of nucleotide deletion on both alleles at the g10 locus of the Australian P. cinnamomi A1 type 1 (116 and 118) or nucleotide insertion on both alleles at the g10 locus of the Australian P. cinnamomi A2 type 2 (114 and 116). The variations in phenotypic characteristics observed in the P. cinnamomi populations studied here were consistent with variations described by other researchers. Average sporangia size is somewhat larger than that first described by Rands (30) but other detailed descriptions have reported similar ranges and averages for sporangia length, width, and length/width ratio (18, 19, 21, 37) . The largest sporangium recorded in this study appears to be the largest recorded for P. cinnamomi (14 µm longer and 15 µm wider compared with the largest sporangia measured by Royle and Hickman; 37). Average chlamydospore diameter and range of variation among isolates in this study were slightly greater than those described by Rands (33) . The dimensions of antheridia, oogonia, and oospores were within maximum and minimum measurement ranges and within the range of means described previously (1, 18, 19, 22, 37) . Likewise, colony morphology did not deviate greatly from previous descriptions (22, 40) . Growth rates were slightly higher than reported by Huberli et al. (22) but were similar to that of the P. cinnamomi type culture (40) .
Colony morphology of these U.S. P. cinnamomi isolates could not be predicted by genotype, host, or geographic origin, even though each MFG tended to exhibit one colony morphology more frequently than the other. Varying results on the linkage between genotype groups and colony morphology have been reported by others. Colony morphology of Australian P. cinnamomi isolates also grouped with a particular genotype (15) . In contrast, colony morphology of Australian A2 type 1 isolates from a single site varied considerably (22) . Environment may have contributed to this variation, because colony morphology of some isolates changed with incubation temperature. Despite some consistency of correlation between colony morphology and microsatellite fingerprint pattern, evidence also indicates that colony morphology of P. cinnamomi isolates depends on other factors, so that colony morphology alone is not diagnostic of genotype differences.
The relationship between isolate colony morphology and host was only evident with isolates associated with white oak rhizosphere soils. This result may be attributed, in part, to the grouping of these isolates in the MFG1 and predominant rosaceous colony pattern. Conversely, isolates from sites north of the 39th latitude grouped with similar frequency in each MFG but isolates from northern sites had a higher frequency of rosaceous colonies. Possibly, isolates with this colony morphology have a survivability advantage at lower temperatures, or they are more sensitive to higher temperatures. The latter hypothesis is supported by the fact that isolates with rosaceous colony patterns were less tolerant of temperature increases than isolates with stellate colony morphologies.
The P. cinnamomi isolates studied in this work varied phenotypically and genetically. However, the differences in microsatellite fingerprint pattern or phenotype of isolates do not appear to translate into pathogenic variation when inoculated to red oak logs. A similar finding was reported for the P. cinnamomi population isolated from oak forests in Spain and Portugal (9) . Variation in pathogenicity of P. cinnamomi on other oak species and other tree genera has been reported, although the genetics of the isolates were not characterized (12, 26, 35) . Linde et al. (30) reported correlations between P. cinnamomi isolate multilocus isozyme genotypes and the level of pathogenicity in eucalyptus, suggesting that genotype variation may indicate pathogenic variability. Inoculation data from the present study, however, suggest that MFGs do not differ in pathogenicity. Additional pathogenicity tests on other P. cinnamomi hosts from different genera may differentiate pathogenicity among the different MFGs found in the United States. Balci et al.
(3) showed that one P. cinnamomi isolate from eastern forest soils varied in pathogenicity when inoculated into the stems of four different oak species. An isolate from the same site was used in this study and it was found to belong to MFG2. Therefore, an isolate belonging to MFG1 may exhibit similar variation. Whether or not the variation would be consistent with that of MFG2 isolates is unknown. The different P. cinnamomi MFGs may even have simi-lar pathogenicities on oak but each fingerprint group may react differently to other known hosts. Knowing the pathogenicity of these MFGs on a wide range of P. cinnamomi hosts would be useful in developing plant cultivars resistant to P. cinnamomi. If different MFGs did turn out to have different pathogenicities on different hosts, the microsatellite markers would be useful in distinguishing which isolates were pathogenic on which hosts.
The presence of this fungus-like pathogen in ecosystems across the globe and the diversity of its hosts is testament to its versatility. This study has shown that the pathogenic versatility and cosmopolitan nature of P. cinnamomi arise from a rather discrete set of characteristics that have changed little despite its spread across the globe. Questions still remain about the impact of P. cinnamomi on health of northeastern U.S. forests and why P. cinnamomi is not having a greater impact on tree species known to be susceptible to infection. The extensive phenotypic evaluation would suggest that physical differences are small among P. cinnamomi isolates and the same can be said for genetic variation. This leads one to believe that other factors are influencing the ability of the P. cinnamomi populations in eastern forests to cause disease. One such factor could be climate. As previously stated, the northern limit of P. cinnamomi in the eastern United States is around 40° N latitude (2) . Isolates were collected from regions with an average annual minimum temperature range of -12 to -23°C (United States Department of Agriculture Plant Hardiness Zone). These low winter temperatures probably prevent a buildup of inoculum (8) or disease development due to short periods of optimum soil temperatures (e.g., >15°C) (36) , which may be the reason why a greater disease impact is not seen. Even if natural stem infections were to occur, winter temperatures would slow the progression of the disease, possibly allowing the tree to overcome the infection. Balci et al. (3) demonstrated in field inoculation experiments that lesion development of stem-inoculated oak seedlings decreased when inoculated in the fall compared with spring inoculations. These are important considerations when looking to the future of these forests. Although P. cinnamomi was not observed causing aboveground infections in the northeast-central United States, decreased periods of temperatures that limit P. cinnamomi growth in the soil could result in increased P. cinnamomi inoculum, leading to more root infections. Warmer or shorter winters also could result in the progression of P. cinnamomi from the roots into the main stem of trees instead of being limited to the roots (2) . Increasing temperatures could lead to an increased incidence of drought, thus weakening trees, leaving them more susceptible to P. cinnamomi infection (8) . P. cinnamomi already has been linked to white oak decline in southern Ohio (6, 31) and could contribute to further decline, or outright disease could be more commonplace if warming trends continue.
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